We consider the production of excited electrons with spin-1/2 at the future SPPC-based electronproton colliders with center-of-mass energies of 8.4, 11.6, 26.6 and 36.8 TeV. These exotic particles are predicted in the composite models. We calculate the production cross-sections and concentrate on the photon decay channel of the excited electrons with the process of ep → e ⋆ X → eγX . The pseudorapidity and transverse momentum distributions of the electrons and photons in the finalstate have been plotted in order to determine the kinematical cuts best suited for discovery of the excited electrons. By applying these cuts we compute 2σ, 3σ and 5σ contour plots of the statistical significance of the expected signal in the parameter space (L, m ⋆ ), where L denotes the integrated luminosity of the collider and m ⋆ is the mass of the composite electrons.
I. INTRODUCTION
excited leptons in various colliders and estimated mass limits for their discovery. Composite majorana neutrinos [18] and doubly charged excited leptons [19, 20] have been studied in detail during phenomological studies with the Large Hadron Collider (LHC) at CERN. When we look at the colliders that are planned to be built in the future, the studies of excited neutrino production at the CLIC [21] and the LHeC [22] colliders and excited muon [23] and neutrino [24] productions at the FCC-based colliders have been performed. Although several theoretical and phenomological studies have been carried out on the composite leptons, no evidence has yet been obtained about the existence of them in the experimental studies at the LEP [25] , HERA [26] , TEVATRON [27] , ATLAS [28] and CMS [29] .
The greatest benefit of the experimental studies is the exclusion of the regions searched for the mass of the excited leptons, and consequently the determination of a lower mass limit for the subsequent studies. The most up-to-date experimental results for the excited electrons, which are the subject of this work, were obtained from the OPAL and ATLAS experiments carried out at the CERN [30] . In the OPAL experiment, the pair production of the excited electrons was investigated by electron-positron collisions (e + e − →e ⋆ e ⋆ ), and the mass limit was determined as m e ⋆ > 103.2 GeV. The single production of the excited electrons (pp → ee ⋆ X) was searched for and the mass values up to 3000 GeV were excluded.
So, in the signal-background analysis the mass values greater than 3000 GeV for the single production are taken into account in this study.
These mass limit values were obtained from the gauge interactions assuming f = f ′ = 1 and Λ = m e ⋆ . In addition to gauge interactions, another production mechanism of the excited leptons are the four fermion contact interactions. It is known that the contact interactions contribute to the production of the excited leptons at a level comparable to their gauge interactions. In fact, in a recent phenomenological study [18] it has been shown that the contact interactions predominate for the LHC collider with √ s =13 TeV. We have taken the gauge interactions into account for this work, but it is not true that we omit the contribution of the contact interactions altogetter. So we have planned the contact interaction version of this work as the subject of a future study.
In this paper we have searched for the single production of the excited electrons at the Super Proton-Proton Collider (SPPC)-based electron-proton colliders including four different center-of-mass energy options. After a general introduction in this section, the rest of the paper is organised as follows: in Section 2 we discuss the SPPC-based electron-proton collider options and their general accelerator parameters; in Section 3 we present the excited electron interaction Lagrangian, its cross-sections and decay widths; in Section 4 we do signal and background analysis to determine mass limits for discovery; finally Section 5 contains the final discussions and conclusions.
II. THE SPPC-BASED LEPTON-HADRON COLLIDERS
With discovery of the Higgs particle at the CERN particle physics has reached the Higgs era, but it is unclear whether this particle is a fundamental scalar. The next step to be done is that the properties of the Higgs particle should be examined in detail and the true internal structure should be understood. For this purpose, the feasibility studies have been initiated to establish a Higgs factory all over the world.
The LHC collider is the world's most powerful particle collider built to date. It is still in operation and will continue to operate until the 2030s as part of its high-luminosity upgrade programme. In order to examine primarly the properties of the Higgs particle, the design of various collider projects planned to be established in the future has been started. Some In the next phase of the project, it is also planned to establish a lepton collider (FCC-ee or TLEP [36] ) with a center-of-mass energy of 90-400 GeV to the same tunnel. With the lepton collider being activated the lepton-hadron collider option (FCC-he) will be available as a third collider type. The FCC project will allow us to search for the Higgs particle and new interactions beyond the SM in the highest energies. Another important collider project to be established in the post-LHC era is the CEPC- Table 1 denotes the general parameters of the SPPC collider, including all design options [38] .
A lepton-hadron collider option can be obtained if a linear electron accelerator is installed tangentially to the SPPC proton collider. It is important here that the electron accelerator is linear because it is more difficult to reach higher energies due to synchrotron radiation in the circular electron accelerators. In the reference [39] , four types of electron proton colliders have been recently proposed by using the parameters of known linear electron collider projects, namely the ILC and PWFALC (Plasma Wake Field Accelerator Linear Colliders Collider) [40] .
In this paper the production potential of the excited electrons at these four electronproton colliders are invetigated using the parameters in the been designed yet. Thus, this analysis does not include any detector simulation and it is at the parton level.
III. EFFECTIVE LAGRANGIAN, DECAY WIDTHS AND CROSS-SECTIONS
The interaction of a spin-1/2 excited lepton with the ordinary leptons and a gauge boson
where l and l For the excited electrons, three decay modes are possible: radiative decay e ⋆ → eγ, neutral weak decay e ⋆ → eZ and charged weak decay e ⋆ → eW . Photon channel is preferred in this study because it can be easly detected. Neglecting the SM electron mass, the decay widths of the excited electrons are given as,
where m ⋆ is the mass of the excited electron, f V is the new electroweak coupling parameter corresponding to the gauge boson V, where V=W, Z, γ, and
, where θ W is the weak mixing angle, and m V is the mass of the gauge boson.
For the numerical calculations we have used the program CALCHEP [45] for signal event production and MADGRAPH [46] for background event production, which are high-energy simulation programmes. We present the total decay widths of the excited electron in Figure   1 for the energy scale Λ = m e ⋆ . Figure 2 shows the total cross-sections for the excited electron production at the SPPC-based four electron-proton colliders, using the CTEQ6L1 parton distribution functions [47] . 
IV. SIGNAL AND BACKGROUND ANALYSIS
We have analyzed in this section the potentials of the future lepton-hadron colliders to search for the excited electrons through the single production process ep → e ⋆ X with subsequent decays of the excited electrons into an electron and photon. Thus, we consider the signal process ep → eγX and the subprocesses eq(q) → eγq(q). The background process is ep → e, γ, j via γ and Z exchange, where j represents jets that are composed of quarks Table 2 . Thus, in the following sub-sections these colliders are covered under two categories as ILC-SPPC and PWFALC-SPPC colliders.
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ILC-SPPC Colliders
In order to separate the excited electron signals from the background we have firstly applied pre-selection cuts to the transverse momentum of the electron, photon and jets in the final-state as P e,γ,j T > 20 GeV. We have generated 10 we applied a cut on the pseudorapidity for both particles as −3 < η e < 0.4 and −5 < η γ < 0.
When we look at the transverse momentum distributions in the top-right and bottomright panels of the same figure, it is seen that the signal and background are still separated from each other for both particles. Thus, we applied a cut at 300 GeV (for electron) and 400
GeV (for photon) to reduce the background. These cuts do not affect the signal too much.
As for the ILC-SPPC collider with √ s = 11.6 TeV (ILC-SPPC2), similar distributions in large part have been obtained. Similar analyzes have been made and the kinematical cuts best suited for discovery of the excited electrons have been determined as −3 < η e < 1,
GeV. We calculated the selection efficiencies to see how the applied discovery cuts affected the signal and the background. As can be seen from Table 3 and 4, the efficiency values for the signal are greater than 90% for both ILC-SPPC colliders. This shows that the discovery cuts applied have very little effect on the signal. As for the background, the efficiency values are close to zero because the background is drastically reduced. These tables also show the cross-sections before and after the discovery cuts for both colliders.
Another way to see the effect of the discovery cuts applied is to draw invariant mass distributions for both the signal and background. Figure 4 shows the invariant mass distributions of the excited electron and the corresponding background after the application of all discovery cuts for the ILC-SPPC colliders. It is clearly seen from this figure that the background curves are below the signal peaks for the both colliders.
In order to calculate the statistical significance (SS) of the expected signal yield, we have used the formula of where S and B denote event numbers of the signal and background, respectively. In . In these distributions the regions below the S = 5 curve are excluded.
PWFALC-SPPC Colliders
If the excited electrons had not been observed at the ILC-SPPC colliders, they would have been explored up to the mass of 26.6 TeV and 36.8 TeV at the PWFALC-SPPC1 and PWFALC-SPPC2 colliders, respectively. To separate the signal from the background we have required kinematical cuts P e,γ,j T > 20 GeV, as for the ILC-SPPC colliders. Figure   6 shows angular distributions and transverse momentum distributions of the electron and photon in the final-state for the PWFALC-SPPC collider with √ s = 26.6 TeV. It has been seen that the pseudorapidity distributions (top-left and bottom-left) with low mass values like 3000 GeV of the signal are in the positive region compared to those of the ILC-SPPC colliders. Therefore, some of the excited electrons in these colliders are produced in the forward direction. On the other hand, the signal and background curves are well separated from each other for all mass values. To greatly reduce the effect of the background we applied a cut on these distributions for both particles as −2 < η e < 3.2 and −5 < η γ < 2.4. The pseudorapidity cuts for the PWFALC-SPPC collider with √ s = 36.8 TeV that has similar distributions are −2 < η e < 3 and −5 < η γ < 2.5.
In the transverse momentum distributions (top-right and bottom-right) it has been seen that the signal and the background are again separated from each other in a good way. The transverse momentum cuts for these distributions are determined as p GeV for the both colliders. Table 5 and 6 show the selection efficiencies after the application of all kinematical cuts for both colliders. These tables show that the applied cuts drastically reduce the background and have little effect on the signal.
When we examine the invariant mass distributions, shown in Fig.7 for both colliders, obtained after applying the cuts it has been seen that the signal peaks are above the background curve.
And finally we plot the statistical significance curves of the expected signal in the param-
V. CONCLUSION
In this work, the production potential of the excited electrons predicted by the composite models at the four SPPC-based lepton-hadron colliders, namely ILC-SPPC1 ( √ s = 8.44
TeV), ILC-SPPC2 ( √ s = 11.66 TeV), PWFALC-SPPC1 ( √ s = 26.68 TeV) and PWFALC-SPPC2 ( √ s = 36.88 TeV) has been searched. In the all simulations it is assumed that the energy scale is Λ = m e ⋆ and the coupling parameter is f = f ′ = 1. In the analysis, kinematical cuts required for the discovery of the excited electrons were determined for the As a result, the future SPPC-based lepton-hadron colliders will play an important role in the investigation of the excited electrons.
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